INTRODUCTION
============

Anemia is a predictable hematologic feature or manifestation of end-stage renal disease (ESRD) which was first noted by Richard Bright in 1836^[@b1-kjim-16-2-110-11]^ and since then, many clinical trials and researches for its cause and treatment have been accomplished. Several recent studies have attributed the erythropoietin (epoetin) resistance or hyporesponsiveness in ESRD to other factors such as shortened red cell survival, iron and other nutritional deficiencies, aluminium toxicity, severe hyperparathyroidism and uremic inhibitors^[@b2-kjim-16-2-110-11]--[@b4-kjim-16-2-110-11]^. However, the primary mechanism of this anemia is inadequate epoetin production by the kidney.

The effectiveness of epoetin for the renal anemia had been reported since 1986^[@b5-kjim-16-2-110-11]^ and, recently, this agent has been widely used for this reason^[@b6-kjim-16-2-110-11]^. It has been well recognized that the correction of their anemia by adequate epoetin therapy on ESRD patients receiving dialysis improved cardiopulmonary performance, decreased myocardial hypertrophy, prevented unnecessary transfusion and its adverse effects and improved life quality, such as physical performance and exertional dyspnea^[@b7-kjim-16-2-110-11],[@b8-kjim-16-2-110-11]^.

Many clinical trials in patients with ESRD receiving dialysis treatment showed that recombinant human epoetin therapy was very effective in correcting the anemia, and 90--95% of patients with renal anemia responded in dose-dependent manner to epoetin^[@b9-kjim-16-2-110-11]--[@b11-kjim-16-2-110-11]^. But the remaining 5--10% of patients have a blunted or no response to epoetin, despite a large amount of expensive, high-dose therapy because of many different factors^[@b12-kjim-16-2-110-11]--[@b15-kjim-16-2-110-11]^. Many authors showed that several factors contribute to epoetin hyporesponsiveness, and currently recognized causes for epoetin hyporesponsiveness include iron deficiency (either 'absolute' or 'functional')^[@b12-kjim-16-2-110-11],[@b13-kjim-16-2-110-11]^, blood loss (which is often occult)^[@b14-kjim-16-2-110-11],[@b15-kjim-16-2-110-11]^, infection or inflammatory conditions including malignancies^[@b16-kjim-16-2-110-11],[@b17-kjim-16-2-110-11]^, secondary hyperparathyroidism with marrow fibrosis^[@b18-kjim-16-2-110-11],[@b19-kjim-16-2-110-11]^, aluminium toxicity^[@b20-kjim-16-2-110-11],[@b21-kjim-16-2-110-11]^ and so on. However, its correct etiology or pathophysiology is not well established.

Therefore we started researching to investigative what parameter can predict epoetin hyporesponsiveness and, especially, contributions of inflammation to epoetin resistance.

MATERIALS AND METHODS
=====================

We selected 40 patients with ESRD who had been receiving epoetin therapy for at least more than 2 months, peritoneal dialysis for more than 6 months, not acutely ill appearance, no known history of admission treatment, infection, bleeding within 2 months and no transfusion history within at least 1 month. Hematocrit (Hct) and hemoglobin (Hgb) levels of patients had been less than 30% and 10 g/dL for at least 6 months before epoetin administration, respectively. The mean age of patients was 45.7 ± 13.9 years, ranging from 22 to 69 years, when they started to receive dialysis, and duration of chronic renal failure averaged 53.6 ± 36.5 months and dialysis duration 34.2 ± 32.6 months. The causes of ESRD in 40 CAPD patients were chronic glomerulonephritis 19 (47.5%), diabetic nephropathy 10 (25%), hypertensive renal disease 7 (17.5%) and obstructive uropathy, lupus nephritis, polycystic kidney disease and IgA nephropathy 1 (2.5%), respectively ([Table 1](#t1-kjim-16-2-110-11){ref-type="table"}).

CAPD patients in this study received epoetin subcutaneously at a frequency ranging from twice to thrice weekly on initial dose of 50 U/kg/week. The dose of epoetin is titrated by 25% every 2 to 4 weeks in an attempt to maintain a target Hct level between 33% and 36%^[@b22-kjim-16-2-110-11]^. All patients had required oral iron since 3 months before our study to maintain serum ferritin and transferrin saturation (TS), more than 100 ng/mL and 20%, respectively. When oral iron is used, it should be given as 200 mg of elemental iron per day, in 2 to 3 divided doses in adult patients^[@b23-kjim-16-2-110-11]^.

Because the dose of epoetin is titrated every 2 to 4 weeks according to the Hct level, a dose-response relationship between epoetin and Hct level is created. Some patients require a high dose of epoetin to reach a target Hct level, whereas others maintain a target Hct level on a low dose of epoetin. Therefore, we expressed this dose-response relationship as the ratio of total weekly epoetin dose to Hct (weekly epoetin dose/Hct), and it is corrected by body weight (weekly epoetin dose/Hct/kg), an index of resistance to epoetin (ERI)^[@b10-kjim-16-2-110-11]^. We applied the weekly epoetin dose as the average value during 4 weeks.

We used the values within 1 to 2 months before epoetin therapy as laboratory data of patients. Hct and Hgb levels, which can evaluate epoetin responsiveness, were recorded monthly after epoetin therapy, and we evaluated epoetin responsiveness in 2 to 4 months after epoetin therapy. We measured the parameters, which predict epoetin responsiveness; (1) which imply inflammation such as serum C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR), (2) which is associated inflammation and nutritional status such as serum albumin, TS, serum ferritin and other iron indices, (3) which involve nutritional status such as normalized protein catabolic rate (nPCR) and normalized protein equivalent of total nitrogen appearance (nPNA), (4) which means dialysis adequacy such as total weekly Kt/Vurea and weekly corrected creatinine clearance (WCC), (5) serum aluminium and (6) intact parathyroid hormone (iPTH) levels. Among these parameters, serum iron, serum ferritin, total iron binding capacity (TIBC), transferrin, TS (serum iron/TIBC × 100), serum aluminium, serum iPTH, serum albumin, CRP, ESR, BUN (Blood urea nitrogen) and serum creatinine were measured during the preceding month. These values were used for statistical analysis. Total weekly Kt/Vurea, WCC, nPCR and nPNA were calculated by the values of BUN, serum creatinine which were measured by collected urine and peritoneal dialysate during 24 hours. Total weekly Kt/Vurea and WCC were used to evaluate the dialysis adequacy^[@b24-kjim-16-2-110-11],[@b25-kjim-16-2-110-11]^. Total weekly Kt/V was calculated by the sum of peritoneal Kt/Vurea (which is calculated by 24-hour peritoneal dialysate) and renal Kt/Vurea (which is calculated by 24-hour urine) in the formula show by Lysaght et al.^[@b26-kjim-16-2-110-11]^. WCC was calculated in the formula showed by Boen et al.^[@b27-kjim-16-2-110-11]^. nPCR, nPNA were used to evaluate the nutritional status^[@b28-kjim-16-2-110-11]^. nPCR was calculated by the formula show by Teehan et al.^[@b29-kjim-16-2-110-11]^. nPNA was calculated by the method show by Kopple et al.^[@b30-kjim-16-2-110-11],[@b31-kjim-16-2-110-11]^.

STATISTIC METHODS
=================

All statistic analysis were performed using SPSSWIN VER 8.0. Pearson's simple corelation was used to analyze the relationship between ERI and other parameters. Multiple stepwise linear regression analysis was performed to discover the most significant predictor. ERI was entered as the dependent variable, whereas the other parameters (serum albumin, CRP, serum ferritin, TS, serum iron, serum aluminium, age, serum iPTH, duration of dialysis, total weekly Kt/Vurea, nPCR, nPNA, WCC) were entered as independent variables. The values are expressed as mean ± SD (Standard deviation) and differences were considered statistically significant at P less than 0.05.

RESULTS
=======

[Table 1](#t1-kjim-16-2-110-11){ref-type="table"} shows that data of 40 patients with CAPD had no significant differences in sex except Hgb and serum ferritin levels.

We analyzed the relationship between different parameters (age, serum albumin concentration, CRP, duration of dialysis, duration of chronic renal failure, serum ferritin, TS, serum iron, TIBC, WCC, total weekly Kt/Vurea, serum iPTH, nPNA, nPCR, BUN, serum creatinine and serum aluminium levels), which are expected to have effects on epoetin responsiveness, and ERI by Pearson's simple correlation ([Figure 1](#f1-kjim-16-2-110-11){ref-type="fig"}). As a result, there were significant negative correlations with TS, total weekly Kt/Vurea, nPCR, nPNA and serum albumin concentration and positive correlation with CRP ([Figure 1](#f1-kjim-16-2-110-11){ref-type="fig"}).

Multiple stepwise linear regression analysis was performed between ERI and other parameters (those which have correlation with ERI by Pearson's simple correlation, such as TS, total weekly Kt/Vurea, nPCR, nPNA, serum albumin level and CRP, and those which can be expected to have correlation with ERI such as age, duration of dialysis, serum ferritin, serum iPTH, serum aluminium, WCC), which were entered as independent variables. As a result of this analysis, we recognized that CRP was the most important independent predictor. If CRP was excluded, nPNA was significant parameter ([Table 2](#t2-kjim-16-2-110-11){ref-type="table"}). We also discovered that the serum albumin level was positively correlated with nPCR and nPNA as nutritional parameters ([Figure 2](#f2-kjim-16-2-110-11){ref-type="fig"}). These results show that inflammation and nutritional status have a significant contribution to epoetin responsiveness.

Our study also discovered that CRP is positively correlated with serum albumin concentration and total weekly Kt/Vurea ([Figure 3](#f3-kjim-16-2-110-11){ref-type="fig"}). Therefore, we compared normal CRP group (\<0.5 mg/dL) with high CRP group (≥0.5 mg/dL), and then we discovered that, in the high CRP group, serum albumin (*p*\<0.01) and serum iron levels (*p*\<0.05) are significantly lower and age (*p*\<0.05), serum creatinine level (*p*\<0.05) and ERI (*p*\<0.05) are significantly higher compared with those of the normal CRP group ([Table 3](#t3-kjim-16-2-110-11){ref-type="table"}).

DISCUSSION
==========

The most common cause of epoetin resistance or hyporesponsiveness in patients on CAPD is iron deficiency which is reviewed by variable studies, but the role of absolute iron deficiency in epoetin hyporesponsiveness has declined recently because of intravenous or oral iron supplementation^[@b13-kjim-16-2-110-11]^. In our study, CAPD patients, whose TS and serum ferritin was less than 20% and 100 ng/mL, respectively, had been excluded because of high probability of absolute iron deficiency. Therefore, we thought that absolute iron deficiency has a less contribution to epoetin responsiveness. However, Levy et al.^[@b32-kjim-16-2-110-11]^ and Robotham et al.^[@b33-kjim-16-2-110-11]^ previously reported that some of the iron indices (eg. TS, serum transferrin, serum ferritin) can predict ERI. Our study discovered that there was a positive correlation between TS and ERI but no significant correlations with serum transferrin and serum ferritin ([Figure 1](#f1-kjim-16-2-110-11){ref-type="fig"}). This consequence may be caused by a highly variable serum ferritin level in patients on CAPD of our study or by the small number of patients in our study.

Ifudu et al.^[@b34-kjim-16-2-110-11]^ showed that dialysis adequacy in ESRD patients receiving EPO treatment has a direct correlation with Hgb and Hct levels. In our study, ERI has a significant negative correlation with total weekly Kt/Vurea which means adequacy of dialysis. It may be caused by serum uremic inhibitors which inhibit erythropoiesis in bone marrow in CAPD patients with inadequate dialysis. Therefore, adequate dialysis may not only decrease the epoetin resistance but also mate a contribution to prevent or correct the renal anemia in epoetin.

It was previously recognized that severe hyperparathyroidism, which inhibits erythropoiesis secondary to bone marrow fibrosis, causes anemia and increased serum aluminium level frequently induced microcytic anemia in ESRD patients^[@b18-kjim-16-2-110-11],[@b19-kjim-16-2-110-11]^. Therefore, we thought hyperparathyroidism and increased serum aluminium could have an influence on epoetin responsiveness in our patients. However, serum iPTH and serum aluminium levels had not an important correlation with epoetin responsiveness in our patients on CAPD. We thought that this result was caused by increased awareness and active treatment of hyperparathyroidism, such as calcium replacement, and avoidance of aluminium containing drug or materials. If serum aluminium^[@b18-kjim-16-2-110-11],[@b20-kjim-16-2-110-11],[@b21-kjim-16-2-110-11]^ and serum iPTH levels^[@b19-kjim-16-2-110-11]^ are not increased significantly, epoetin resistance caused by aluminium toxicity and hyperparathyroidism is rare. In our study, serum iPTH levels were more than 1000 pg/mL in only one case which had no bone marrow fibrosis. No cases were more than 100 μg/L in serum aluminium level. Therefore, hyperparathyroidism and aluminium toxicity were not important causes of epoetin resistance in our patients.

Kaysen et al.^[@b10-kjim-16-2-110-11],[@b33-kjim-16-2-110-11]^ reported that hypoalbuminemia is an indicator of both poor nutritional status and presence of the acute phase response and a good predictive parameter of epoetin hyporesponsiveness^[@b35-kjim-16-2-110-11]--[@b37-kjim-16-2-110-11]^. Serum albumin level not only had a significant negative correlation with ERI but also had a strong positive correlation with nPCR and nPNA, as an indicator of nutritional status, in Pearson's simple correlation. Both nPCR and nPNA had significant negative correlation with ERI. Therefore, we thought malnutrition expressed by hypoalbuminemia could predict epoetin hyporesponsiveness. nPNA was a very significant independent variable in multiple linear stepwise regression analysis if CRP was excluded. These results strongly indicate that malnutrition plays an important role in epoetin hyporesponsiveness.

Both Kaysen et al.^[@b38-kjim-16-2-110-11],[@b39-kjim-16-2-110-11]^ and Choi et al.^[@b40-kjim-16-2-110-11]^ reported recently that inflammation, determined by high titers of CRP, is a better predictor of low serum albumin level than other nutritional parameters in patients on CAPD. Our study demonstrated that CRP, a very sensitive indicator of inflammation, had not only a strong negative correlation with serum albumin level but also a significant positive correlation with ERI. Therefore, we thought CRP could be a strong indicator of serum albumin level as well as the most significant predictive parameter of epoetin hyporesponsiveness. Multiple regression analysis also showed that CRP is the most significant variable. These consequences may be explained by the fact that inflammatory stimuli elicit the release of various cytokines, such as interleukin-1, interlukin-6, and tumor necrosis factor (TNF) that cause acute phase response and then these cytokines, released during the acute phase response, have been shown to inhibit epoetin production directly and to act synergistically to inhibit the proliferation and maturation of erythroid precursors^[@b10-kjim-16-2-110-11]^.

We analyzed other parameters which have an impact on CRP using Pearson's simple correlation. This analysis showed that they are significantly correlated with total weekly Kt/Vurea and serum albumin level. Comparison between the normal CRP group (\<0.5 mg/dL) and the high CRP group (≥0.5 mg/dL) showed that serum albumin concentration in the high CRP group was significantly lower and ERI was significantly higher than that of the normal CRP group. These results indicated that sufficient nutritional supplementation and adequate dialysis can prevent increased CRP as well as improve EPO responsiveness. Simultaneously, we should correct the causes of increased CRP.

In conclusion, acute phase response, expressed by high titers of CRP, is the most significant predictive parameter to epoetin resistance or hyporesponsiveness in patients on CAPD. Most of all, early recognition of a low probability of response in a given patient can help identify and correct the specific cause of treatment failure. Alternatively, in patients with low probability of response but no correctable cause of failure by these predictive parameters, especially CRP, the dose of epoetin could be increased early in the course of treatment without waiting for an evaluation of the hematological response after 1--2 months. These clinical trials may give a high quality of life, decreased economic loss and marked reduction of morbidity or mortality to ESRD patients by improvement of renal anemia.
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###### 

Characteristics and laboratory data in patients on CAPD

                                   CAPD patients (N=40)   Male (N=21)                                                        Female (N=19)
  -------------------------------- ---------------------- ------------------------------------------------------------------ ------------------------------------------------------------------
  Age (years)                      45.7 ± 13.9            48.9 ± 13.7                                                        42.2 ± 13.7
  Dialysis duration (months)       34.2 ± 32.6            26.14 ± 30.57                                                      34.68 ± 34.93
  CRF duration (months)            53.6 ± 36.5            39.29 ± 31.71                                                      60.89 ± 38.79
  Etiology of CRF                                                                                                            
      Chronic glomerulonephritis   19  (47.5 %)                                                                              
      Diabetic nephropathy         10  (25.0 %)                                                                              
      Hypertensive renal disease   7  (17.5 %)                                                                               
      Others                       4  (10.0 %)                                                                               
  ERI (epoetin dose/Hct/kg)        2.29 ± 1.16            2.20 ± 1.26                                                        2.38 ± 1.06
  Hgb (g/dL)                       8.28 ± 0.95            8.59 ± 0.98^[\*](#tfn2-kjim-16-2-110-11){ref-type="table-fn"}^     7.94± 0.81^[\*](#tfn2-kjim-16-2-110-11){ref-type="table-fn"}^
  Hematocrit (%)                   23.57 ± 3.36           24.60 ± 2.99                                                       23.31 ± 2.04
  MCV (fL)                         90.94 ± 4.54           90.86 ± 5.04                                                       90.60 ± 4.03
  MCHC (g/dL)                      34.07 ± 2.41           34.38 ± 1.96                                                       33.73 ± 2.84
  CRP (mg/dL)                      1.13±1.34              1.23 ± 1.54                                                        1.03 ± 1.12
  ESR (mm/hr)                      82.88±39.24            79.71 ± 27.64                                                      86.37 ± 49.62
  Serum albumin (g/dL)             3.68±0.70              3.61 ± 0.65                                                        3.76 ± 0.76
  Serum iron (mg/dL)               81.87±33.90            75.60 ± 31.95                                                      88.47 ± 35.47
  Serum ferritin (mg/dL)           347.2 ± 264.1          434.9 ± 252.5^[\*](#tfn2-kjim-16-2-110-11){ref-type="table-fn"}^   255.0 ± 247.7^[\*](#tfn2-kjim-16-2-110-11){ref-type="table-fn"}^
  TS (%)                           35.76 ± 17.09          31.14 ± 11.99                                                      40.62 ± 20.40
  TIBC (mg/dL)                     240.51 ± 60.60         242.80 ± 58.64                                                     238.11 ± 64.06
  Total Kt/Vurea (/week)           1.90 ± 0.63            1.92 ± 0.74                                                        1.88 ± 0.50
  Total WCC L/week                 53.69 ± 33.60          49.11 ± 38.75                                                      59.26 ± 26.38
  nPCR (g/kg/day)                  0.75 ± 0.35            0.73 ± 0.35                                                        0.70 ± 0.29
  nPNA (g/kg/day)                  0.72 ± 0.27            0.70 ± 0.29                                                        0.75 ± 0.24
  Serum aluminium (μg/L)           16.74 ± 12.20          20.47 ± 10.34                                                      13.01 ± 35.76
  serum iPTH (pg/mL)               217.11 ± 239.93        251.74 ± 298.96                                                    180.56 ± 156.56

The values are expressed as mean ± SD (Standard deviation). Statistical comparisons are performed using independent T-test. The abbreviation CRF; chronic renal failure, CAPD; continuous ambulatory peritoneal dialysis.

p\<0.05,

p\<0.0l

###### 

Independent variables that predict epoetin resistance in patients on CAPD by multiple linear stepwise regression analysis

  1\) CRP included                                        
  ----------------------- ------- ------- ------- ------- -------
  *In model*                                              
  CRP                     0.649   6.551   0.421   2.559   0.031
  *Not in model*                                          
  Age                     \-      \-      \-      \-      0.175
  Serum albumin           \-      \-      \-      \-      0.062
  Dialysis duration       \-      \-      \-      \-      0.251
  Total weekly Kt/Vurea   \-      \-      \-      \-      0.691
  WCC                     \-      \-      \-      \-      0.412
  nPCR                    \-      \-      \-      \-      0.398
  nPNA                    \-      \-      \-      \-      0.987
  Serum ferritin          \-      \-      \-      \-      0.395
  TS                      \-      \-      \-      \-      0.639
  Serum iPTH              \-      \-      \-      \-      0.516
  Serum aluminium         \-      \-      \-      \-      0.687

  2\) CRP removed                                           
  ----------------------- -------- ------- ------- -------- -------
  *In model*                                                
  nPNA                    −0.615   5.466   0.378   −2.338   0.044
  *Not in model*                                            
  Age                     \-       \-      \-      \-       0.443
  Serum albumin           \-       \-      \-      \-       0.552
  Dialysis duration       \-       \-      \-      \-       0.984
  Total weekly Kt/Vurea   \-       \-      \-      \-       0.451
  WCC                     \-       \-      \-      \-       0.621
  nPCR                    \-       \-      \-      \-       0.537
  Serum ferritin          \-               \-      \-       0.447
  TS                      \-       \-      \-      \-       0.962
  serum iPTH              \-       \-      \-      \-       0.962
  Serum aluminium         \-       \-      \-      \-       0.628

###### 

Differences between high CRP group and normal CRP group

                             Normal CRP group (\<0.5 mg/dL)   high CRP group (≥0.5 mg/dL)   *p*
  -------------------------- -------------------------------- ----------------------------- --------
  ERI (U/ %/ kg)             1.26 ± 0.54                      2.43 ± 1.56                   \<0.05
  Serum albumin (g/dL)       3.97 ± 0.78                      3.36 ± 0.42                   \<0.01
  Age (year)                 43.6 ± 13.4                      60.8 ± 5.9                    \<0.05
  Serum creatinine (mg/dL)   11.34 ± 2.13                     11.55 ± 4.77                  \<0.05
  Serum iron (mg/dL)         83.60 ± 12.64                    81.62 ± 36.10                 \<0.05

The values are expressed as mean ± SD (Standard deviation). Statistical comparisons are performed using independent T-test.
